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RELATED APPLICATIONS 

The present application is a continuation-in-part of U.S. Application Serial No. 
09/161,944, entitled "Long-Length Continuous Phase Bragg Reflectors In Optical 
Medid\ filed September 28, 1998, which is a continuation-in-part of U.S. Application 
10 Serial No. 08/942,590, issued as U.S. Patent No. 5,912,999, entitled "Method For 

Fabrication Of In-Line Optical Waveguide Refractive Index Gratings Of Any Length", 
filed October 2, 1997, both of which are incorporated herein by reference. 

FIELD OF THE INVENTION 



B 15 The present invention relates to a method for making in-line optical waveguide 

hj refractive index gratings of any desired length and articles manufactured utilizing this 

i -. 

method. More specifically, the present is directed to a method for making a fiber Bragg 
grating (FBG) of any length by translating a fiber with respect to an interferogram of 
actinic radiation with a pitch that is frequency modulated as a function of time and to 
20 long-length continuous-phase Bragg gratings manufactured using this technique. 

BACKGROUND OF THE INVENTION 

In-line optical waveguide refractive index gratings are periodic, aperiodic or 
pseudo-periodic variations in the refractive index of a waveguide. Gratings may be 
25 formed, for example, by physically impressing a modulation on the waveguide, by 
causing a variation of the refractive index along the waveguide using the photosensitivity 
phenomenon, or by other methods known in the art. In particular, gratings written into 
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the core of an optical fiber are critical components for many applications in fiber-optic 
communication and sensor systems. 

Dopants, such as germanium, are added to an area of the waveguide material to 
make it photosensitive, causing the refractive index of that region to be susceptible to 
increase upon exposure to actinic radiation. The currently preferred method of "writing" 
an in-line grating comprises exposing a portion of the waveguide to the interference 
between two beams of actinic (typically UV) radiation. The two beams are incident on 
the guiding structure of the waveguide in a transverse direction to create an interferogram, 
that is, a pattern of optical interference. The angle between the two beams (and the 
wavelength of the radiation) defines the fringe spacing of the interferogram. Typically, 
the two beams of actinic radiation are the legs of an interferometer or are produced by 
launching a single beam through a phase mask. The phase mask method is considered 
generally more suitable for large scale manufacture of in-line gratings, because it is highly 
repeatable, less susceptible to mechanical vibrations of the optical setup, and can be made 
with writing beams of much shorter coherence length. 

Advantages of optical fiber in-line gratings over competing technologies include 
all-fiber geometry, low insertion loss, high return loss or extinction, and potentially low 
cost. But one of the most distinguishing features of fiber gratings is the flexibility the 
gratings offer for achieving desired spectral characteristics. Numerous physical 
parameters of the gratings can be varied, including induced index change, length, 
apodization, period chirp, grating pitch tilt, and whether the grating supports coupling 
into co-propagating (long-period or transmission gratings) or counter-propagating 
coupling (Bragg gratings) at a desired wavelength. By varying these parameters, gratings 
can be tailored for specific applications. 

The versatility of an in-line grating is largely dependent on two factors, the overall 
length of the grating structure and the reflectivity (or transmission) profile of the grating 
structure itself. Intricate reflectivity profiles can be achieved by carefully controlling the 
refractive index perturbation along the waveguide length, x. The index perturbation dn{x) 
may be characterized as a phase and amplitude-modulated periodic function, 



w 



di(x) = dt 0 w ■ \ A(x) + m(x) ■ cos 



(1) 



where dn^*) is the "dc" index change spatially averaged over a grating period, A(z) is an 
offset (typically ^4 = 1), m(x) is the fringe visibility of the index change, A is the nominal 
period and $x) describes grating chirp. To automate the fabrication process, it is 
5 desirable to write this arbitrary refractive index profile into a waveguide in a single 
process step, i.e., with a single pass of the laser beam over the waveguide and without 
physically changing the writing apparatus. For full flexibility in grating manufacture, one 
needs to control independently each of the parameters describing dnw . 

u In particular, apodization of a grating spectrum may be achieved by controlling 

9 10 say<^ 0 (*) and m(x) along the grating length. The main peak in the reflection spectrum of 
5 a finite length in-line grating with uniform modulation of the index of refraction is 
m accompanied by a series of sidelobes at adjacent wavelengths. Lowering the reflectivity 
% of the sidelobes, or "apodizing" the reflection spectrum of the grating, is desirable in 
devices where high rejection of nonresonant light is required. Apodization also improves 
U 15 the dispersion compensation characteristics of chirped gratings. In most of these 
applications, one desires apodization created by keeping dn^x) and A(x) constant across 



r: the grating length while m(x) is varied, which is believed not to have been achieved (with 
full flexibility) in a single-step process by controlling only the laser beam. 

Variation of the index modulation by changing the ultraviolet exposure along the 
20 length of the grating causes both the magnitude of the refractive index modulation and the 
average photoinduced refractive index to vary. The average index variation leads to 
undesirable effective chirps of the resonant wavelength of the grating and widens the 
grating spectral response. To alleviate these symptoms, it is desirable to "pure apodize" 
the grating, that is, to generate both the non-uniform modulated ultraviolet fringe pattern 
25 and a compensating exposure which automatically ensures that the average photoinduced 
refractive index is constant along the length of the fiber. Some researchers have created 
the desired apodization profile by dithering the waveguide in the interferogram to 
decrease refractive index fringe visibility at specified locations along the waveguide 
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length, but these techniques require complex mechanical fixtures for the phase mask and 
waveguide that can be vibrated yet precisely positioned. 

In addition to the specific index perturbation written into the waveguide, grating 
length is also important in certain applications in optical fiber communication and 
distributed sensor systems. For instance, long-length chirped fiber Bragg gratings have 
been suggested as attractive devices for the manufacture of dispersion compensators. 
High-speed, long distance data transmissions, especially transmissions over existing non- 
dispersion shifted fiber networks, are limited by chromatic dispersion in the optical fiber. 
Since the transmission bandwidth usually is predetermined by the needs of the system, to 
be usable as dispersion compensators in practice, chirped Bragg gratings need to exhibit 
dispersion compensation over a bandwidth large enough to cover typical semiconductor 
laser wavelength tolerances. It has been reported that a grating of the order of 1 meter in 
length with a constant dispersion profile and a broad bandwidth would be required to 
achieve a time delay of -1700 ps/nm sufficient to compensate for 100 km of non- 
dispersion shifted fiber over 5 nm at a wavelength of 1 550 nm. 

The need exists for a method for producing long length Bragg gratings having 
complex grating structures. One method has been described where a UV-beam is 
scanned over a long phase mask having a fixed position relative to the fiber. Complex 
structures are added by varying the exposure time or by postprocessing the grating. 
Another method discusses the use of fibers held in a fixed position relative to specially 
designed long phase masks having the complex structure already imprinted in the mask. 
However, both of these techniques are limited by the length of available phase masks, 
usually about -10 cm. 

A method for writing gratings where the waveguide moves in relation to the mask 
has been suggested. However, this technique is limited, since the fringe visibility of the 
index modulation in the waveguide will decrease significantly if the waveguide moves 
relative to the phase mask too much, so gratings much larger than a phase mask cannot be 
made. Recent developments have attempted to produce long complex gratings by 
scanning a UV-beam over a phase mask and writing sub-gratings (a number of grating 



elements) at every irradiation step on the fiber while moving the fiber using a very precise 
piezoelectric transducer. To increase the size of the grating structure, a number of 
subgratings may then be concatenated to one another. The fiber is translated with high- 
precision staging relative to an interferogram of UV-light. The position of the stage is 
5 tracked interferometrically and the laser is triggered when the fiber reaches the desired 
position for the next irradiation. The phasing between these subgratings may be 
controlled to create some complex structures, such as chirps. Apodization may be 
achieved by dithering about an interferogram/fiber relative position. 

The concatenation process suffers from needing extremely accurate positioning 
10 staging, which is currently available only by using an interferometer as an encoder. 
Without interferometric control, the concatenation methods suffers from "stitching" 
errors, i.e., errors in the matching of the grating elements. Presently only linear motion 
01 staging can be interoferometrically controlled; rotary stages must use mechanically-ruled 
pj encoders. Therefore, the length of a fiber grating made with a concatenation process is 
15 limited by the linear travel available on precision stages, the implementation of which 
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U currently become prohibitively expensive if much longer than one meter. Since the 

M 

yj protective housing around a fiber must be removed for grating fabrication, a long length 

jZ of bare fiber containing the grating is removed from the precision staging and coiled for 

ftj packaging, which increases fabrication complexity (increased handling), complicates 

20 manufacture automation, and is likely to reduce the mechanical strength of the fiber. 

The need remains for an effective writing technique for very long length in-line 
optical waveguide gratings having complicated reflectivity profiles. 
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SUMMARY OF THE INVENTION 

The present invention is directed to a method for manufacturing an optical 
waveguide refractive index grating having a desired grating pitch A. The method 
includes the step of providing a photosensitive waveguide. The waveguide may be a 
5 photosensitive optical fiber and the grating may be a continuous refractive index 

perturbation. The waveguide is translated at a velocity v(t) relative to a writing beam of 
actinic radiation having an intensity. The step of translating included placing the 
waveguide on a rotary stage. 

The intensity of the writing beam is modulated as a function of time at a 

El 10 frequency f(t), wherein « A . The step of modulating the intensity of the writing 
y * fit) 

Q 

EH beam as a function of time at a frequency f(t) comprises the step of varying A. 

EH 

m The method of may further include the steps of translating a chirped phase mask 
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through the writing beam to create an interferogram of a changing period A(t), where 



- rfA 
H A(f) = A,+ — ' 

H" * , 

Ly 

jf 1 5 where A s is a starting period and where the step of modulating the intensity of the 

u 

nJ writing beam by varying of A wherein, 

to maintain a resonance condition. 

The method also may include the step of providing a writing beam comprising 
20 providing a writing beam having a peak intensity illuminating the fiber I 0 and a width D, 
wherein the fluence 0(x) delivered to the waveguide is determined by the equation 



I 0 {x) D t m(x) 

G>0) » — (A(x) — — • cos 

4 v(j) 2 



wherein ^ is an offset and m is fringe visibility. 
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The varying-period interferogram may be produced using a tunable interferometer. 
The index perturbation may have a changing periodicity along the length of the grating. 

A long-length phase continuous Bragg grating may be manufactured using the 
method described above. In some embodiments, the grating may be chirped. 
5 Embodiments of such grating may have a length of at least 2.5 meters or even greater than 
four meters. 

Optical components such as an optical dispersion compensator, a broadband light 
generator, a rapid spectral interrogator, and a sensor may be manufactured including the 
grating(s) described herein. 

u 10 

□ BRIEF DESCRIPTION OF THE DRAWINGS 

y s 

Hi Figure 1 is a simplified schematic representation of a fiber Bragg grating 

ry 

! « including a possible refractive index profile. 

4= 

5 

0 Figure 2 is a simplified schematic representation of an in-line optical waveguide 

U 

jd 1 5 refractive index writing assembly, writing fiber gratings in accordance with the present 

y= 

U invention. 

ru 

Figure 3 is a simplified schematic representation of a refractive index envelope 
modulation in-line optical waveguide refractive index writing assembly, writing fiber 
gratings in accordance with the present invention. 

20 Figure 4 is a simplified representation of an embodiment of the present invention 

where the fiber is drawn by a spool. 

Figure 5 is a flow diagram of an embodiment of the method of the present 
invention. 
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DETAILED DESCRIPTION OF THE INVENTION 
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□ 15 

La. 
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An optical fiber 10 having a grating 20 of length L is illustrated in Figure 1. The 
fiber 10 usually comprises silica, although other embodiments known in the art may 
comprise plastic compounds. The optical fiber 10 includes a core 12 and one or more 
claddings 14. The grating 20 is a series of periodic, aperiodic or pseudo-periodic 
variations on the core 12 and/or one or more of the claddings 14 of the fiber. As 
illustrated in the matched plot shown in Fig. 1, the grating 20 consists of variations in the 
refractive index of the fiber 10. 

Commonly-owned, U.S. Application Serial No. 09/191,644, entitled "Long- 
Length Continuous Phase Bragg Reflectors In Optical Media", and in U.S. Patent No. 
5,912,999, entitled "Method For Fabrication Of In-Line Optical Waveguide Refractive 
Index Gratings Of Any Length", both of which are incorporated herein by reference, 
describe a method to fabricate fiber Bragg gratings (FBGs) of virtually any length. 

In this method, a fiber is translated at a velocity v past a stationary interferogram 
through which propagates a laser beam of intensity Io that is amplitude-modulated as a 
function of time at radial frequency co. If the diameter of the beam D is much larger than 
the period of the interferogram 2 A, the energy per unit area delivered to the fiber core 
may be expressed as 



_ , . /„ D T1 1 . 

®(x) «— {1 - -sine 

A v 2 



D .(^±^.J±*. X - D {^±°" 



(1) 



Further study of equation (1) with an understanding of the process has shown that 

the second term in the curly brackets in (1) (which is actually two terms) contains a 

25 tuning parameter: 

2n + co 
~A~~7 

whereby if 
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where ca=27if, then 
4 v 1 2 

This shows the ability to manufacture a chirped FBG of any length by slightly 
detuning the frequency of the light amplitude modulation or changing the velocity of the 
fiber. As the frequency of the light modulation or the velocity of the fiber is changed, the 
tuning parameter in the sine function of (1) will increase from zero and cause the 
amplitude of the cosine-function spatial-modulation to decrease. If the modulation 
frequency or fiber velocity is detuned too much from the resonance condition, no net 
modulation will result. 

This amplitude decrease is proportional to the diameter of the laser beam, which 
may be focused to make wide wavelength chirps possible. A 4 nm chirped FBG may be 
written with a beam diameter less than -100 ^im. 

A desirable dispersion compensator for optical communication networks should 

cover the full Er+-doped fiber optical amplifier range, which can be greater than 40 nm. 
Using the method described above, a 40 nm chirp may be written into a single FBG with 
a laser beam diameter less than -10 jam, by keeping the argument in the sine function in 
(1) less than 7t. 

However, although wide chirps are possible by focusing the writing beam to a 
small diameter, the visibility of the FBG index modulation varies over the grating 
bandwidth and thus so does its reflection profile. This variation may cause the signal loss 
to differ between wavelength channels, creating system management problems. Since the 
refractive index perturbation scales nonlinearly with delivered UV radiation dose, one 
may saturate the fiber photosensitivity by applying large UV does across the fiber and 
thereby create a seemingly uniform index visibility across a wide wavelength range. But 
exposing the fiber to excessive levels of UV radiation increases the optical loss and 
cladding mode coupling, which degrades device utility. 
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Furthermore, tightly focused laser beams are difficult to handle and require 
demanding alignment procedures. The need exists to create wide bandwidth FBGs with 
constant device fringe visibility along their length. 

In the method of the present invention, the period of the interferogram is varied as 
5 a function of time and the frequency of the light modulation is varied synchronously as 

— = A(0 
fit) 

so that the argument in the sine function of (1) will remain equal to zero. 

When a chirped phase mask is translated through the writing beam to create an 
Li interferogram of changing period 

m a(0 = a,+— •* 

mio * , 



ry where A s is its starting period, then the beam intensity would be modulated at 

p 

H — dA~ 



i-s 



to maintain the resonance condition. 

Figure 2 schematically illustrates an index writing assembly 100 using the writing 
15 method of the present invention. The index writing assembly 100 includes a source of 
light 130 producing a beam 132, an interference pattern generator 140, a modulator 150, 
and a fiber holding assembly 160 used to hold a fiber 110. More than one waveguide 
may be placed and translated simultaneously in the index writing assembly. Germanium 
or other photosensitive dopants are added to the silica glass of a region of the fiber 110, 
20 making the refractive index of that region of the optical fiber susceptible to change, 
generally an increase, upon exposure to actinic radiation. Commercially available 
photosensitive fibers, such as Corning® SMF-28™ CPC6 (Corning Incorporated, Corning, 
NY), may be used. As those skilled in the art may appreciate, the method of the present 
invention also may be used to modify the refractive index not only of optical fibers, but 
25 also of other waveguides, such as planar waveguides. 
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The light source 130 is a source of actinic radiation, such as a UV laser light or X- 
ray radiation. The source of light is selected to deliver a beam of sufficient intensity and 
having a sufficiently narrow diameter to write the desired grating. Other sources of light 
known in the art may be used depending on the type of fiber used and the desired grating 
5 pattern. The source of light 130 produces a beam 132 having a peak intensity of Io and a 
diameter D. 

The interference pattern generator 140 creates an intensity distribution of period A 
and is positioned between the fiber 110 and the source of light 130. The period of the 
intensity distribution generally matches the desired grating pitch. An intensity 
distribution is a spatially varying repeating light intensity pattern, which can be periodic 
or quasi-periodic, such as, for example, an interferogram. The interference pattern 
generator 140 is a phase mask of period 2A, such as a Lasirus PM-248- 1.078-25.4 
(Lasirus Inc., Saint-Laurent, Quebec, Canada) of period 1.078 jxm which creates an 
interferogram of period 0.539 }im. The interferogram may be produced by other methods, 
such as an interferometer. Alternatively, as one skilled in the art may appreciate, the 
periodic (or quasi-periodic) intensity distribution of actinic radiation used to fabricate a 
grating, need not necessarily be obtained by constructing an interferogram. For instance, 
an image reduction system utilizing amplitude masks may be used to create the intensity 
distribution. 

20 Figure 3 illustrates schematically one embodiment of the electronic signal controls 

of modulator 150. The electronic signal controls of modulator 150 include an amplitude 
modulation function 152, a frequency modulation function 154 and a d.c. offset 156. A 
variety of modulators may be used, such as an opto-acoustic modulator (for example, 
IntraAction ASM-1251LA3 from IntraAction, Bell wood, IL). The modulator 150, 

25 amplitude modulates the beam 132 at a frequency f(t). In addition, as illustrated in Figure 
3, the electronic signal that controls the modulator may be shaped by a function generator, 
such as a Stanford Research Systems DSM345 (Stanford Research Systems, Sunnyvale, 
CA), to tailor the index perturbation profile along the fiber length to cause chirp and 
apodization in the resulting grating. 

12 
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The fiber 1 10 is translated at a velocity v(t) relative to the intensity distribution. 
More than one waveguide may be translated simultaneously through the periodic intensity 
distribution. 

A laser beam that is amplitude-modulated as a function of time and a phase mask 
is used to create FBGs of any desired length. In the present example, the fiber 110 is 
translated at a precise velocity v(t) past a stationary phase mask 140 through which 
propagates the laser beam 132 that is amplitude-modulated at a radial frequency 

<y O = 2;r •/ ), where, * — . Depending on the writing assembly and the desired 

v(/) A 

profile, both f(t) and v(t) may be variable functions, or either or both could be constants. 
Of course, the term constant is defined within the acceptable parameters for deviations in 
the fiber grating pitch (SA) due to jitter or error, as explained below. 

The movement of the fiber 110 in relation to the intensity distribution is 
controlled precisely by a translation mechanism. The fiber 110 is mounted on the fiber 
holding assembly 160, a very precise velocity-controlled motion stage which may be a 
rotary or linear stage. In an alternative embodiment, illustrated in Figure 4, a continuous 
length of fiber is spooled in a spool 170 and the position of the writing beam is tracked to 
stay on the fiber as the spool rotates. The movement of the stage or the spool is coupled 

v(0 

to act in synchrony with the modulator, -j^ « A . In yet other alternative embodiments, 

the translation mechanism may control the movement of the source of light 130 and of the 
interferogram generator 140. 

To manufacture a grating longer than the range of travel of precision motion 
stages, one may translate the fiber through the interferogram in a web-drive system. The 
fiber could be placed into V-grooves, or precision V-groove pulleys, similar to those used 
in the fiber holding assembly 160 illustrated in Figure 2 to maintain precise alignment of 
the fiber with the interference pattern. Since the method of the present invention requires 
velocity control, as opposed to precise positioning, the fiber may be rolled onto spools 
170, as illustrated in Figure 4, which rotate to translate a continuous length of fiber 172 in 
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front of an interferogram created by a phase mask from a modulated laser beam 174. The 
spool 170 is part of a spool to spool system. The rotational speed of these spools is 
achieved with a spindle motor controlled by simple phase-lock-loop circuitry 176 to 
provide precise rim velocities. As illustrated in Figure 4, the beam 174 is kept on the 
fiber 172 by vertically translating the beam 174 sychronous to the rotation of the spool 
170. The position of the writing beam 174 may be tracked, such as with a laser beam, to 
stay on the fiber 172 as the spool rotates. 

In an alternative embodiment of this invention, the uncoated fiber may be affixed 
to the spool, and the spool with the grating may be packaged, thereby reducing fiber 
handling. 

Figure 5 is a flow diagram of a method for manufacturing in-line optical 
waveguide refractive index gratings of virtually any length in accordance with the present 
invention. A writing beam of actinic radiation is provided. If the beam is smaller that the 
desired grating pitch, then no interference pattern generator is necessary, otherwise a 
periodic intensity distribution of period A is created from the writing beam. A 
photosensitive waveguide is provided and placed across the path of the writing beam. 
Then, the waveguide is translated relative to the writing beam at a velocity v(t). The 
intensity of the writing beam as a function of time is modulated at a frequency f(t), 
v(t) 

wherein -j^ « A . If apodized gratings are desired, the intensity of the writing beam 

may be varied further to control the envelope of the refractive index perturbation. 

The method of the present invention offers the ability to write in-line optical 
waveguide refractive index gratings of virtually any length with complicated refractive 
index profiles. As those skilled in the art may appreciate, the inventive method disclosed 
in the present document can be used to modify the refractive index not only of optical 
fiber, but also of planar waveguides. 

Those skilled in the art will recognize that varying-period interferograms can be 
produced in several ways, such as with chirped phase masks or tunable interferometers. 
While the present invention has been described with a reference to exemplary preferred 
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embodiments, the invention may be embodied in other specific forms without departing 
from the spirit of the invention. Accordingly, it should be understood that the 
embodiments described and illustrated herein are only exemplary and should not be 
considered as limiting the scope of the present invention. Other variations and 
modifications may be made in accordance with the spirit and scope of the present 
invention. 
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